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IntensiometricGenetically encoded calcium ion (Ca2+) indicators have become very useful and widely used tools for Ca2+
imaging, not only in cellular models, but also in living organisms. However, the in vivo and in situ character-
ization of these indicators is tedious and time consuming, and it does not provide information regarding the
suitability of an indicator for particular experimental environments. Thus, initial in vitro evaluation of these
tools is typically performed to determine their properties. In this review, we examined the properties of
dynamic range, afﬁnity, selectivity, and kinetics for Ca2+ indicators. Commonly used strategies for evaluating
these properties are presented. This article is part of a Special Issue entitled: 12th European Symposium on
Calcium.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Calcium ion (Ca2+) is a common second messenger in cellular
signal transduction by which many biological phenomena such as
muscle contraction, neuronal transmission, fertilization and hormonal
secretion are regulated [1]. Ca2+ imaging is the powerful technique to
investigate how Ca2+ exerts its action on these phenomena. Tomonitor
Ca2+ dynamics in living cells, optical Ca2+ indicators are indispensable.
Thus, developingmethods for Ca2+measurement is still the subject of a
growing number of studies.
The ﬁrst experiments visualizing intracellular Ca2+ changes [2] were
conducted using the Ca2+-sensitive bioluminescent protein aequorin
[3]. These and subsequent experiments were performed by directly
injecting puriﬁed protein from the jellyﬁsh Aequorea into the cellsRET, bioluminescence resonance
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rights reserved.examined since the method of introduction of exogenous genes into
eukaryotic cells was established more than a decade later [4].
The development of Ca2+-sensitive dyes such as Quin2 (character-
ized by a dim ﬂuorescence) [5] and fura-2 [6] as well as the use of their
acetoxymethylated ester forms for non-invasive cell loading [7] were
later breakthroughs that allowed much broader use of Ca2+-imaging.
The next leap in Ca2+-imaging technology, the introduction of
genetically encoded Ca2+ indicators, GECIs, was preceded by three
important steps: the discovery of green ﬂuorescent protein (GFP,
reported in the same study in which aequorin was presented [3]),
the creation of GFP color variants, which are suitable for Förster res-
onance energy transfer (FRET) experiments [8], and the biochemical
study of Ca2+ binding through a fusion of calmodulin with its bind-
ing peptide, M13 derived from the myosin light chain kinase [9].
These achievements lead to the studies regarding development of
FRET-based Ca2+ indicators, FIP-CBSM [10] and cameleon [11]. FIP-CBSM
was composed of theM13 peptide sandwiched between two ﬂuorescent
proteins, BGFP and RGFP. The FRET signal of FIP-CBSMwas reduced under
interaction with endogenous Ca2+-calmodulin in the cell. In the case of
cameleon, two ﬂuorescent proteins were fused directly to calmodulin
and M13 peptide; in this indicator FRET signal was increased upon
Ca2+ binding. These two pioneering works established the basis for
further development of genetically encoded indicators.
Next, other improvements in GECIs included development of
single-ﬂuorescent protein Ca2+-sensors (camgaroos [12], pericams
[13], GCaMP [14]), implementation of circularly permuted ﬂuorescent
proteins (FPs) to improve the dynamic range of FRET-based indicators
(YC 2.60 and YC3.60 [35]), replacement of the Ca2+-sensingmoiety cal-
modulin by troponin C (TN-indicators family [15]), or structure-guided
remodeling of the calmodulin-M13 interface (DcpV-indicators families
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More recent improvements involving large-scale screening after ran-
dom (GECOs [17]) or semi-rational mutation (GCaMP5-indicator family
[18]), have led to color and high dynamic range variants of single
ﬂuorescent protein-based indicators. Other important modiﬁcations
included the complete redesigning of the Ca2+-sensing moiety by
duplicating the troponin C C-terminal EF hands in the sensor
TN-XXL [19] and the signiﬁcant increase in Ca2+-afﬁnity in the
YC-Nano indicators [20]. Interestingly, a completely new type of
ﬂuorescent Ca2+-indicator, CatchER has been recently developed
by replacement of 5 residues to create a low-afﬁnity Ca2+-sensing
motif in EGFP, becoming the smallest GECI to date [21].
This quickly increasing diversity of ﬂuorescent GECIs has been
described in many recent reviews [22–25].
Ectopic expression of aequorin in eukaryotic cells by gene trans-
fection was employed in the 1990s for Ca2+-imaging experiments,
although a dim chemiluminescence prevented its wide usage for
monitoring intracellular Ca2+ dynamics. It was not until aequorin
and ﬂuorescent proteins were fused that the use of aequorin expanded
[26], but by then, it had to compete with ﬂuorescent Ca2+ indicators.
Recently, other types of bioluminescent indicators such as BRAC [27]
and Nano-lantern (Ca2+) [28] were also developed by using Renilla lu-
ciferase derivatives. These indicators showed excellent performance
under conditions in which external light excitation was undesirable,
such as in highly autoﬂuorescent plant tissues [27], orwhen coexpressed
with the light-sensitive optogenetic tool channelrhodopsin-2 [28].
Despite increases in the number of indicators, little is known
regarding the details underlying their functions, and schematic represen-
tations are still primarily used to explain observedproperties. Thus, to fur-
ther understand the mechanisms by which the indicators can work, we
reviewed the composition andworking principles of available ﬂuorescent
and bioluminescent GECIs (Section 2) and have brieﬂy described the
selection strategies used for fast preliminary evaluation of indicator
variants (Section3). Properties of interest for anyGECI, including dynamic
range, afﬁnity, selectivity, andkinetics, are described in Section4, together
with other approaches aimed to obtain a detailed picture regarding the
functioning of these indicators.
2. Reporting Ca2+ with GECIs
2.1. Genetically encoded ﬂuorescent Ca2+ indicators
Genetically encoded ﬂuorescent Ca2+ indicators can be categorized
in two classes according to the number of ﬂuorescent proteins present
in the indicator: some GECIs contain a single ﬂuorescent protein
(non-ratiometric with some exceptions, Fig. 1) and some contain two
ﬂuorescent proteins (ratiometric probes, Fig. 2).
Single ﬂuorescent protein-based GECIs typically share a common
principle of action involving a change in ﬂuorescence intensity upon
Ca2+ binding. Ca2+-chelating properties in most available indicators are
provided by the calmodulin moiety, which is fused with the ﬂuorescent
protein and the calmodulin-binding peptide M13. An exception, which
contains only a calmodulin fragment sandwichedbetween the twohalves
of a split GFP molecule, is the Camgaroo indicator family [12] (Fig. 1).
Binding of Ca2+ promotes an intramolecular rearrangement that alters
the chromophore protonation state and its associated ﬂuorescent prop-
erties [29,30]. A completely different mechanism underlies the
low-afﬁnity Ca2+ sensor CatchER, in which the Ca2+-binding motif
formed by the introduction of ﬁve negatively charged residues in front
of the tyrosine-derived hydroxyl group of the chromophore affects the
chromophore electron density distribution, reducing the background
ﬂuorescence of this protein [21]. Bound Ca2+ shields this negative
charge, allowing the recovery of ﬂuorescence intensity.
In all of these cases, the chromophore chemical structure is not mod-
iﬁed during conformational rearrangement, and therefore, the change in
ﬂuorescence is associated with an increase or decrease in the absorptionspectra (or change in ﬂuorescence quantum yield, in the case of
inverse-pericam [13]), leading to a change in the resulting emitted ﬂuo-
rescence intensity. Since only a single wavelength is measured, these
types of indicators are known as intensiometric or non-ratiometric (as
opposed to the ratiometric indicators, described below).
Monitoring Ca2+ dynamics using GECIs containing two ﬂuorescent
proteins takes advantage of the concept of FRET. During FRET, one of
the ﬂuorescent proteins acts as a donor that transfers absorbed energy
to the second ﬂuorescent protein, the acceptor, when excited (Fig. 2).
The efﬁciency of energy transfer depends on several factors, including
the overlap of donor emission and acceptor absorption spectra,
donor–acceptor distance, donor lifetime, and relative orientation of
the donor and acceptor transition dipole moments [31].
FRET efﬁciency is highly dependent on the distance between
the donor and the acceptor moieties [31], and therefore, it can only
be used at distances of 1–10 nm. In our case, GECIs are designed in
such a way that after Ca2+ binding the FRET efﬁciency increases, either
due to approaching the two ﬂuorescent protein moieties each other or
due to changing in their relative orientations.
FRET-based techniques can be used to assess different aspects
of donor–acceptor interactions [32,33], but for detecting changes in
Ca2+ levels, a simple donor–acceptor emission ratio is typically used:
R ¼ IA=ID; ð2:1Þ
where R is the FRET ratio, IA and ID are the peak emission intensities
of the donor and the acceptor, respectively. An oppositely directed
intensity change at two emission wavelengths allows reductions in
intensity ﬂuctuations associated with varying sensor concentrations
(to which single-wavelength indicators are more sensitive). Because
the FRET ratio value provides information regarding Ca2+ binding,
these indicators are known as ratiometric indicators.
The ﬁrst intensiometric indicators were developed on the basis of
Aequorea GFP-derivatives and showed spectral characteristics similar
to those of GFP, but more recently developed non-ratiometric probes
employ other GFP color variants or are based on other ﬂuorescent
proteins [17], thus allowing simultaneous multicolor Ca2+ imaging in
different intracellular compartments, the combined use of Ca2+-imaging
with ﬂuorescent-tag labeling, or simultaneous Ca2+ imaging with
optogenetic manipulation.
Several ratiometric indicators composed of different FRET pairs,
such as blue-green [10,11], or green-orange [34], have been exam-
ined; however, the cyan-yellow pairs of ﬂuorescent proteins provide
the highest ratio change upon Ca2+ binding. Thus, most currently
available ratiometric GECIs use a combination of these proteins, pri-
marily an enhanced cyan ﬂuorescent protein such as ECFP [8] as a
donor, and a yellow ﬂuorescent protein such as Venus [35] or Citrine
[36,15] as an acceptor.
Brighter variants of cyan ﬂuorescent proteins, such as Cerulean [37]
andmTurquoise2 [38], were also tested as FRET donors; however, these
sensors showed a lower dynamic range than those based on ECFP [19
and personal observations].
2.2. Genetically encoded bioluminescent Ca2+ indicators
As described in the Introduction, aequorin was the ﬁrst chemi-
luminescent protein employed to detect Ca2+ changes in vivo. Targeting
of recombinant aequorin allowedmonitoring of Ca2+ changes in sever-
al intracellular organelles, including the mitochondria, nucleus, sar-
coplasmic reticulum, endoplasmic reticulum, Golgi, secretory granules,
and gap junctions [39,40]. However, the low turnover rate of lumines-
cent reaction [41] and low quantum yield with its associated difﬁculties
in signal detection prevented widespread use of aequorin for Ca2+
imaging. The low signal level of aequorin was overcome through fusion
with its natural counterpart, GFP (resulting in the “GA” sensor [26],
Fig. 3, Table 3), which exploits the same bioluminescent resonance
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Fig. 1. Single-ﬂuorescent protein Ca2+ indicator families. A. GCaMPs [14,18,69], B. GECOs [17], C. Pericams [13], D. Camgaroos [12,36], and E. CatchER [21]. Based on ﬂuorescent proteins,
these indicators require external excitation with light of different frequencies (wavy arrows). Binding of Ca2+ promotes intramolecular conformational rearrangement to changes
the ﬂuorescence intensity upon irradiation. Colors denote the ﬂuorescence emission range characteristic of each family. Ca2+ afﬁnity is conferred by Ca2+-binding moieties derived
from calmodulin or by an artiﬁcially created low-afﬁnity Ca2+-binding site in the case of CatchER (see details in Section 2.1 and indicator properties in Table 1).
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nescence. Interestingly, Ca2+ appears to play an important role in
increasing BRET efﬁciency in the GFP-aequorin fusion by promoting a
shift in the GFP absorption spectra [42].
Currently, all bioluminescent GECIs are based on the resonance
energy transfer mechanism, which is similar to FRET but uses a donor
a chemiluminescent protein such as aequorin or a luciferase, rather
than a ﬂuorescent moiety that requires external light excitation.
In addition to GFP, aequorin fusions with other ﬂuorescent pro-
teins have been reported, such as with the yellow ﬂuorescent protein
Venus [43], mRFP1 [43], and other red emitting ﬂuorescent proteins
[44], resulting in chemiluminescent Ca2+ indicators with signiﬁcantly
longer emission wavelengths than those of aequorin alone.
Luciferase-based bioluminescent GECIs were developed using design
strategies previously utilized to create ﬂuorescent GECIs. For the indica-
tor BRAC [27], the RLuc8 moiety was fused to the C-terminus of
calmodulin-M13, while the acceptor ﬂuorescent protein Venus was
fused to the N-terminal end (Fig. 3). Later, for the improved variant
Nano-lantern (Ca2+) [28], the RLuc8 moiety was split in two parts by
introducing the calmodulin-M13 fragment, allowing reconstitution of lu-
ciferase activity upon Ca2+ binding. As was done previously, Venus was
fused to theN-terminal end of RLuc8 (Fig. 3) to increase the emission sig-
nal from the indicator through efﬁcient BRET.
The Ca2+dependence of aequorin luminescence has been extensively
analyzed [41]. The light ﬂash emitted upon Ca2+ binding was shown to
contain both slow and fast components, the proportion of which de-
pends on the interaction between the three EF hands of aequorin. Thisdetermines the amplitude of the emitted chemiluminescent signal
[45]. Luminescence intensity, as well as its spectral characteristics and
time course, also depend on the coelenterazine analog used as the
light-emitting substrate. Therefore, aequorin complexes with different
coelenterazine types can display drastically different apparent sensitivi-
ties for Ca2+ [46,47]. The Ca2+-sensing range is also determined by the
chosen aequorin variant [48].
In aequorin fusion constructs, as in aequorin alone, the emitted ﬂuo-
rescence signal is also determined by aequorin luminescence intensity;
therefore, Ca2+ changes are reported as changes in signal intensity (in
a non-ratiometricmanner), despite the use of a resonance energy trans-
fer mechanism. A similar mechanism is also characteristic of split
RLuc8-based Nano-lantern (Ca2+) indicators [28], in which chemilumi-
nescence depends on Ca2+ binding.
In contrast, the indicator BRAC [27], which is based on the complete
RLuc-8 moiety, can be used as a ratiometric probe because donor
emission does not depend on Ca2+ concentration and only modulates
the BRET ratio by changing the distance between the donor and the ﬂuo-
rescent acceptor protein. This uncouples the light-emitting and
Ca2+-sensing mechanisms of this indicator.
3. Selection of GECI variants
Useful GECIs canbe obtained through a selectionprocess that can vary
depending on the goal. Typically, primary constructions or construction
libraries are expressed in Escherichia coli strains, so that screening can
be performed by analyzing the colonies formed, a cleared lysate of
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Fig. 2. Two-ﬂuorescent protein (FRET) Ca2+ indicator families. A. Cameleons
[11,16,20,34,35,72], B. TN indicators [19]. These indicators also require external excita-
tionwith light of different frequencies (wavy arrows). Binding of Ca2+ promotes intramo-
lecular conformational changes that lead to the convergence of the donor and acceptor
ﬂuorescent proteins, allowing FRET to occur (see in Section 2.1). Colors denote theﬂuores-
cence emission ranges characteristic of each family. Ca2+ afﬁnity is conferred by
Ca2+-binding moieties derived from calmodulin (Cameleon family) or from troponin C
(TN Ca2+-indicators) (see details in Section 2.1 and indicator properties in Table 2).
1790 V. Pérez Koldenkova, T. Nagai / Biochimica et Biophysica Acta 1833 (2013) 1787–1797bacterial culture, or puriﬁed protein. Protein puriﬁcation is a
time-consuming process, and various techniques have been developed
to perform fast initial recognition screening of the variants with better
performance.
Large-scale (~2×105 colonies) screening after randommutagenesis
with error-prone PCR was implemented for the development of GECO
indicators, by using GCaMP3 and pericam as a template [17]. A large
number of variants were analyzed for Ca2+-dependent ﬂuorescence
intensity changes that could not be determined by direct addition of
Ca2+/EGTA solutions to bacterial cells expressing the proteins in the
cytoplasm. However, individual culturing and analysis of such a large
number of samples is time consuming. To allow screening of colonies,
proteins were expressed using the TorA periplasmic export tag that
targets the protein to the periplasmic space between the bacterial
outer membrane, which is largely permeable to solutes, and the inner
membrane [49]. This strategy allowed selection of colonies showing
the highest change in ﬂuorescence intensity produced by the spray
application of 2 mM EGTA directly onto the agar plate containing the
colonies.
A similar approach can also be used to screen bright variants of
bioluminescent GECIs, particularly those inwhich a circularly permuted
or mutated variant of luciferase are used. Colonies can be sprayed with
phosphate-buffered saline (PBS) containing coelenterazine at a concen-
tration of 5 μg/mL [28]. Coelenterazine can easily pass through the
plasma membrane, and thus, it can be directly applied to assess the
ﬂuorescence intensity of proteins expressed only in the bacterial
cytoplasm.If the number of samples to be screened is small, such aswhen circu-
lar permutation or site-speciﬁc random mutagenesis is used, selection
of the most promising indicator variant is performed using the lysates
of bacterial cultures, which are obtained by selecting individual colo-
nies. Lysis is performed either mechanically by pressure shock or soni-
cation or by enzymatic treatment in lysis buffer. After centrifugation
to remove the cell debris, the cleared supernatant is added to solutions
containing Ca2+ or EGTA, and the ﬂuorescence intensity change is
measured. This simpliﬁed screening method also allows evaluation of
spectral changes in the indicator under different levels of Ca2+ when
it is technically difﬁcult to conduct these measurements in colonies.
To study in detail the properties of indicators selected after rapid
initial screening, the indicators are subjected to puriﬁcation after
cell lysis. Puriﬁcation is carried out by expressing a protein with a
puriﬁcation tag, which is typically included in the cloning vector.
The polyhistidine tag is the most common tag used for purifying
GECIs by using the afﬁnity of this tag to the nickel or cobalt ions
supplied in speciﬁc isolation media.
4. Evaluation of GECIs
In vitro evaluation of GECIs aims to not only determine their
physicochemical properties and assess the applicability of the indicators
for particular tasks, but also to compare the properties of different indi-
cators. However, the biological environment inwhichGECIs are used for
Ca2+ imaging can differ signiﬁcantly from the standardized solutions
used for in vitro evaluation, and therefore, analyzing performance in
vivo under stimulation is carried out to determine the reproducibility
of the Ca2+ changes generated for the indicator.
For ﬂuorescent GECIs, absorption spectra are measured to determine
the excitation wavelengths. For single-ﬂuorescent protein-based
indicators, the excitation wavelength corresponds to one of the absorp-
tion maximum peaks of the indicator, while for two-ﬂuorescent
protein-based (ratiometric) indicators, the excitation wavelength
corresponds to the donor protein absorption maximum. Based on the
emission spectra of the indicators, the speciﬁcwavelength (or twowave-
lengths in case of ratiometric indicators), at which ﬂuorescence intensity
is the highest, is determined. This emissionwavelength(s) are used to re-
cord Ca2+-evoked ﬂuorescence signals.
For bioluminescent indicators, spectral measurements are compli-
cated by the consumption of a light-emitting substrate, which poten-
tially introduces ﬂuctuations to the resulting intensity values due to
changes in luminescence intensity related to substrate consumption.
To avoid this, indicator properties are determined under conditions of
a quasi-steady-state reaction in the presence of excess substrate. As an
initial condition, coelenterazine concentrations ranging from 1 to
10 μM (95 μL [27,28]) can be tested with 5 μL of diluted solution
(100 nM) of the bioluminescent indicator, providing a quasi-stable bio-
luminescent signal over sufﬁcient amount of time to perform spectral
measurements. These concentration and volume values, however,
are dependent on the indicator turnover rate. Some properties of the
bioluminescent GECIs are presented in Table 3.
4.1. Dynamic range and signal-to-noise ratio
Dynamic range is one of the most important properties of GECIs,
which is deﬁned for non-ratiometric indicators as the maximal
ﬂuorescence intensity (typically in a Ca2+-bound state) divided by
minimal ﬂuorescence intensity (determined in the presence of
EGTA):
Dnonratiometric ¼ Imax=Imin; ð4:1Þ
where D is the dynamic range, and Imax and Imin are, respectively,
are the maximal and minimal ﬂuorescence intensities obtained
under Ca2+-saturated or Ca2+-depleted conditions.
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Fig. 3. Bioluminescent Ca2+ indicators. A. Chemiluminescent protein aequorin [3], B. GFP-aequorin (GA) indicator [26], C. RLuc8-based indicator BRAC [27], and D. Split RLuc8-based
Ca2+-indicator Nano-lantern (Ca2+) [28]. These indicators do not require external excitation with light, but instead require the light-emitting cofactor coelenterazine. The luminescent
signal of aequorin (A), aequorin-based indicators (B), and Nano-lantern (Ca2+) (D) directly depends on Ca2+ binding, while Ca2+ binding in the case of BRAC (C) only modulates
the energy transfer efﬁciency from the luciferase to the acceptor ﬂuorescent protein (see details in Section 2.2). The colors denote the emission ranges of each indicator. Ca2+ afﬁnity
is conferred by intrinsic Ca2+-binding properties of aequorin or by a calmodulin moiety (BRAC and Nano-lantern (Ca2+) indicators) (see details in Section 2.2 and indicator properties
in Table 3).
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manner, typically as the maximum FRET ratio (observed in the
Ca2+-bound state) divided by theminimal FRET ratio (in the virtual ab-
sence of Ca2+):
Dratiometric ¼ Rmax=Rmin ¼ IA þCað Þ=ID þCað Þ
 
= IA −Cað Þ=ID −Cað Þ
 
; ð4:2Þ
where Rmax and Rmin are, respectively, the maximal and minimal FRET
ratios calculated from the donor (ID(Ca)) and acceptor (IA(Ca)) intensities
obtained under conditions of either Ca2+ saturation (IA(+Ca), ID(+Ca)) or
Ca2+ depletion (IA(−Ca), ID(−Ca)). Thus, the dynamic range is a dimen-
sionless measure that states howmany times brighter the Ca2+-bound
state is than the Ca2+-free state or how many times the maximal FRET
ratio is larger than the minimal observed FRET ratio.
Dynamic range can be also expressed as a percent and can be
determined as follows:
D ¼ Fmax=Fmin−1ð Þ  100% ; ð4:3Þ
where F is either ﬂuorescence intensity or FRET ratio. As can be observed
in the equation, a two-fold increase of either ﬂuorescence intensity or
FRET ratio corresponds to a 100% increase in dynamic range.
In living cells, resting Ca2+ concentrations are sometimeswithin the
detectable range of the indicator (see detailed in 4.2 Afﬁnity section),
and therefore, the reported intracellular baseline ﬂuorescence intensity
(or FRET ratio) under resting conditions does not typically correspond
to the minimal ﬂuorescence (or FRET ratio) determined in vitro. We
call here a measure of the signal reported by an indicator during tran-
sient Ca2+ change the signal-to-baseline ratio, or simply ΔF/F0 (mea-
sured ratio of the transient ﬂuorescence response to baseline
ﬂuorescence, [50]):
SBR ¼ ΔF=F0 ¼ F–F0ð Þ=F0; ð4:4Þ
where the signal-to-baseline ratio (SBR) or the (ΔF/F0) parameter for an
intensiometric indicator is determined as the ﬂuorescence intensitychange registered during Ca2+ change (ΔF) divided by average baseline
ﬂuorescence (F0) under resting conditions [50]. A similar formula can be
used to determine SBR for ratiometric indicators.
Generally, the ability of an indicator to report Ca2+ transient over
background ﬂuorescence ﬂuctuations is determined on the basis of
the signal-to-noise ratio (SNR) characteristic of the indicator, which
is determined as the ratio between the ﬂuorescence signal (ΔF) and
the shot noise on the baseline ﬂuorescence (~F0/N1/2 [50]) associated
with the random character of the ﬂuorescent molecule diffusion and
variations in the detected number of photons within deﬁned intervals
of time even at a constant ﬂuorescence intensity (see details in [51]):
SNR ¼ ΔF=F0  N1=2; also determined as ΔF=SDF0 ð4:5Þ
whereN is the number of photons counted [52] and SDF0 is the standard
deviation of the baseline ﬂuorescence (previous to the Ca2+ transient).
The inverse equation allows determination of the minimal number of
photons that should be registered in order to obtain a SNR higher than
1 (i.e., to obtain a more than 100% increase over the background signal)
[50]:
N > ΔF=F0ð Þ−2: ð4:6Þ
In the experiment, SNR can be improved by background subtraction
[50], as this component of the signal can be signiﬁcant because of
autoﬂuorescence.
In this case, the FRET ratio R can be calculated as follows:
R ¼ IA−IAbg
 
= ID−IDbg
 
; ð4:7Þ
where (IA− IAbg) is the acceptor ﬂuorescence intensity with the
subtracted background intensity and (ID− IDbg) is the same calcula-
tion for the donor channel.
SNR is particularly important when performing Ca2+ imaging in
very small compartments such as neuronal spines or, more generally,
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process becomes stochastic.
GECIs are characterized by a poorer SNR than synthetic Ca2+-sensitive
dyes due to their approximately 10-times higher resting baseline ﬂuo-
rescence [52]. Unfortunately, a low signal-to-noise ratio is typically
observed in these experiments, and therefore, various strategies are
used to increase SNR. One strategy involves increasing the expression
of the indicator by using strong promoters, but under some conditions,
this strategy can lead to adverse effects in the expression system [53].
Another strategy includes statistical analysis of the obtained FRET data
to isolate a meaningful signal [54,55].
An important consideration is the indicator fractional saturation
reﬂecting the fraction of a GECI population bound to Ca2+ that does
not participate in the detection of a Ca2+ transient. This property
depends both on Ca2+ concentration present in the study environment
and on indicator Ca2+-binding properties (see Eq. (4.8)). If fractional
saturation is high (due to a high Ca2+ concentration of an indicator
with a particular Ca2+ afﬁnity), a further increase in Ca2+ will produce
a very small change in SNR. To evaluate fractional saturation of the
indicator in vivo after Ca2+ a transient measurement, the effective
range of the indicator is evaluated by Ca2+ depletion and saturation
(addition of EGTA and a high Ca2+ concentration in the presence of
an agent increasing the membrane permeability, such as ionomycin).
Fractional saturation can be determined as follows:
Θ ¼ F–Fminð Þ= Fmax–Fminð Þ; ð4:8Þ
where Θ is fractional saturation, F is ﬂuorescence intensity or FRET ratio
signal, Fmin and Fmax are the ﬂuorescence intensities or FRET ratio values
obtained under Ca2+-depleted and Ca2+-saturated conditions, respec-
tively [52].
The relationship between the dependence of ﬂuorescence intensities
(or FRET ratios) on the Ca2+ concentration is determined using the
following equation:
F–Fminð Þ= Fmax–Fminð Þ ¼ Ca2þ
h i
= Ca2þ
h i
þ Kd
 
; ð4:9Þ
where [Ca2+] is the Ca2+ concentration measured in the sample and Kd
is the dissociation constant of the Ca2+-indicator complex, which is used
to describe the GECI Ca2+-binding properties; this is further analyzed
in Section 4.2.
4.2. Afﬁnity
Reactions contributing to the changes in the optical properties of a
GECI upon Ca2+ binding can be expressed using a model describing
binding of a ligand to a protein. In the case of a single Ca2+ binding,
this equation will look as follows:
Gþ Ca2þ ⇄kon
koff
G−Ca2þ: ð4:10Þ
Under equilibrium conditions, the system can be described using the
Ca2+ indicator dissociation constant Kd characterized by the on- (kon)
and off-rates (koff) of the forward and reverse reactions, respectively:
Kd ¼ koff=kon: ð4:11Þ
This macroscopic “average” constant reﬂects Ca2+ binding to the EF
hands, conformational changes induced by such binding, and donor-
acceptor interactions leading to resonance energy transfer and reﬂecting
an apparent Ca2+ concentration at which the indicator reports its half-
maximal ﬂuorescence intensity or FRET ratio.
The Kd value allows comparison of different indicators in a qualita-
tive manner, and provides an idea of the approximate range of Ca2+
concentration in which a GECI can function. However, it does not specifythe range of Ca2+ concentrations that the indicator can sense (its capac-
ity) and does not provide information regarding the kinetic properties of
the indicator.
The relationship between the indicator fractional saturation, Ca2+
concentration, and indicator apparent Kd value is expressed using the
Hill equation:
Θ ¼ Ca2þ
h in
= Ca2þ
h in þ Kd
 
; ð4:12Þ
wheren is theHill constant, and the other variables have the samemean-
ing as described above. The Hill constant provides information regarding
the steepness of the indicator ﬂuorescence change at a Ca2+ concentra-
tion equal to the indicator Kd constant, and thus indicates the degree of
cooperativity of binding of each subsequent Ca2+. Theoretically, the
Hill constant can have values higher, lower, or equal to 1, corresponding
to cases in which binding of the ﬁrst Ca2+ promotes, inhibits, or does
not affect the binding of the next Ca2+. In practice, however, the Hill
constant for most GECIs has a value larger than 1 and is determined
on the basis of cooperativity in Ca2+ binding to the N- and C-terminal
EF hand pairs of calmodulin- or troponin C-derived moieties [56]. This
is likely why a Hill constant value of approximately 2 is characteristic
for Ca2+ binding for many two-ﬂuorescent protein GECIs (see in
[22,35,57] and Tables 1, 2). However, similar to the “averaged” Kd con-
stant, the value of n also includes components not directly related to
Ca2+ binding. Such an “averaged”Hill constant can provide information
regarding the range at which the Ca2+ indicator can report Ca2+
concentration around the Kd value; as noted above, a higher value of n
(characteristic for some single-ﬂuorescent protein GECIs, Table 1 and
[18]) indicates a higher increase in ﬂuorescence intensity or FRET
ratio per Ca2+ concentration unit change, but at the same time, it
implies a narrowed Ca2+ range when compared with an indicator of
a similar dynamic range that has a lower Hill constant (see in [58]).
Interestingly, binding of a single Ca2+ in the low-afﬁnity Ca2+-sensitive
GFP is reﬂected as a Hill constant almost equal to 1 [21], but a similar n
value is also characteristic of some cameleon variantswith a redesigned
calmodulin-M13 interface (Table 2 and [16]). This may reﬂect the
inﬂuence of intramolecular conformational changes on the otherwise
cooperative Ca2+ binding to calmodulin.
Because the different Ca2+-binding sites on GECIs can have very dif-
ferent afﬁnities, the ﬂuorescence intensity or the FRET ratio of
a particular indicator is not always well described by the “1 Ca2+ ion
per indicator” or the single-binding site Hill equation described above.
A two-component Hill equation is used in this case to ﬁt the data:
F Ca2þ
h i 
¼ α1
1þ Kd1= Ca2þ
  n þ
α2
1þ Kd2= Ca2þ
  n  ; ð4:13Þ
whereα1/2 refer to the fractions of total ﬂuorescence of the FRET ratio re-
sponse corresponding to different apparent dissociation constants Kd1
and Kd2. The difference between these individual Kd values can be signif-
icant (see yellow cameleon 4.60, Table 2 and [35], see also D1cpV [16]),
and while such indicators are advantageous because of the increased
Ca2+ range sensed (up to hundreds of micromoles in the cases of YC
4.60 and D1cpV), this increase comes at a cost of a reduced dynamic
range at each Ca2+ concentration range, implying a reduced SNR.
Kd value(s) for Ca2+ can be determined bymeasuring indicator ﬂuo-
rescence intensity or the FRET ratio in a series of free Ca2+ concentration
which can be prepared by reciprocal mixing of EGTA and Ca2+-EGTA
buffers [59]. The data are normalized to the maximal and minimal ﬂuo-
rescence intensities or FRET ratio value (deﬁned as 1 under Ca2+ satura-
tion and 0 under Ca2+depletion conditions, respectively) andﬁtted using
any of the Hill equations presented.
Typically, values obtained in vitro provide an idea of the Kd magni-
tude in vivo, but differences in these environments appear to be result
in discrepancies. It has been well established that ionic strength, ionic
Table 2
In vitro properties of two-FP genetically encoded Ca2+ indicators.
Em — emission wavelengths, D — dynamic range, KD — dissociation constant, n — Hill
constant, τrt — time constant of the dissociation reaction determined at room temperature
(20–25 °C) [70,71].
When the koff value is speciﬁed in the reference instead of τ, the last is calculated from
the relationship τ=Θ /koff, assuming Θ=1.
The table includes data obtained from [22].
a Emission wavelengths of, respectively, donor (acceptor) ﬂuorescent proteins,
b Values from different references are separated by a vertical bar |.
c Values obtained from two-component ﬁttings are separated by a forward slash /,
d Same as above.
e [Value] obtained at 30 °C.
Table 1
In vitro properties of single-FP genetically encoded Ca2+ indicators, by family.
Em — emission wavelength(c), D — dynamic range, KD — dissociation constant, n — Hill
constant, τrt — time constant of the dissociation reaction determined at room temperature
(20–25 °C), pKa — acidity constant determined at room temperature (20–25 °C) [70,71].
When the koff value is speciﬁed in the reference instead of τ, the last is calculated from
the relationship τ=Θ /koff, assuming Θ=1.
The table includes data obtained from [22].
a Values respectively in Ca2+ depleted/saturated conditions,
b Values from different references are separated by a vertical bar |.
c Same as above.
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when expressed in vivo ([52] and references therein).
After determining the apparent Kd value in vitro and the maximum
FRET ratio in situ, Ca2+ concentration can be calculated on the basis of
the signal reported by a GECI, as proposed by Grynkiewicz et al. [6]:
Ca2þ
h i
¼ Kd Sf2=Sb2ð Þ R–Rminð Þ= Rmax−Rð Þ; ð4:14Þ
where Sf2/Sb2 represents the ratio of the acceptor ﬂuorescence intensi-
ties at its emission wavelength in Ca2+-depleted and Ca2+-bound
states, respectively. This original equation was developed for a 1:1
Ca2+:indicator binding ratio, and thus, a slightly different equation
was proposed by Adams et al. [60] for measuring Ca2+ by using yellow
cameleon variants [11,16]:
Ca2þ
h i
¼ Kd R–Rminð Þ= Rmax–Rð Þð Þ1=n: ð4:15Þ
For high-afﬁnity indicators (or indicators located in intracellular com-
partments), measurements of Rmin in situ can be problematic; so, to cal-
culate Ca2+ concentration, the use of dynamic range rather than FRET
ratio value was proposed (adapted from [61] for multiple binding sites):
Ca2þ
h i
¼ Kd R=Rmax–1=Dð Þ= 1–R=Rmaxð Þð Þ1=n; ð4:16Þ
where D is the dynamic range (Rmax/Rmin). Based on this equation,
changes in [Ca2+] from baseline values can be estimated with regard
to the obtained SNR (see details in [61]).
4.3. Selectivity
Free Ca2+ concentration in the cytoplasm is in the order of tens-
to-hundreds of nanomoles. Meanwhile, another common divalent
cation, Mg2+, is present at a concentration of hundreds of micromoles
to millimoles, competing with Ca2+ for its binding sites.Ca2+/Mg2+ selectivity of the Ca2+-binding motifs used in GECIs,
derived from calmodulin and troponin C, constitutes a wide research
ﬁeld (for example, see [62]). Nevertheless, the selectivity of GECIs has
been analyzed in very few cases, and primarily for troponin-based
variants since this Ca2+-binding protein is known to bind Mg2+ in
an non-selective manner ([19] and references therein).
Mg2+ sensitivity is conferred by speciﬁc residueswithin the EF hand
motif [22] thatwere replaced to develop the family ofMg2+-insensitive
troponin-based Ca2+ indicators [15,22].
Selectivity should be determined under conditions similar to envi-
ronmental conditions in which the GECI will be used. For Ca2+ indica-
tors residing in the cytoplasm, selectivity can ﬁrst be assayed in
solutions containing either Ca2+ or Mg2+ (concentrations around
1 mM in a background of 100–150 mM KCl in a pH buffer) and com-
pared with values obtained in solutions containing the Ca2+ and
Mg2+ chelators EGTA and EDTA. If Mg2+ can provoke a change in
the ﬂuorescence intensity or FRET ratio similar to the changes
evoked in the media containing Ca2+, then selectivity should be
assayed in solutions containing physiologically relevant concentra-
tions of both cations. A combination of 50–100 nM to 20 μM of
Ca2+ (respectively, for resting and Ca2+-elevated conditions)
containing 0.5 mM to 1–5 mM Mg2+ will likely ﬁt well to the pro-
portion of Ca2+ and Mg2+ present in the cytoplasm of a typical cell.
4.4. Kinetic properties
As can be observed in formula (Eq. (4.10)), the Kd value is deter-
mined by dividing the rate constant for the reverse reaction (koff, s−1)
with that for the forward reaction (kon, M−1 s−1).
These constants can be used to characterize not only the rate of Ca2+
binding/unbinding to the EF hands, but also the kinetic properties of
the induced intramolecular conformational change, the kinetic of the
calmodulin–M13 interaction (when present), and other allosteric
effects associated with ﬂuorescent protein interaction in ratiometric
GECIs. It is not surprising, therefore, that rate constants for both forward
and reverse reactions induced by Ca2+ binding/unbinding in GECIs
reﬂect signiﬁcantly slower response kinetics for these indicators than
in the case of synthetic Ca2+-sensitive dyes.
Table 3
Properties of bioluminescent genetically encoded Ca2+ indicators.
Em — emission wavelengths, D — dynamic range, KD — dissociation constant, n — Hill
constant, τrt — time constant of the dissociation reaction determined at room
temperature (20–25 °C), half-life — time during which the protein concentration in
the cytosol is reduced by 50% [73,74].
When the koff value is speciﬁed in the reference instead of τ, the last is calculated from
the relationship τ=Θ /koff, assuming Θ=1.
a Emission wavelength, or emission wavelengths of donor(acceptor) moieties.
b Values from different references are separated by a vertical bar |.
c Same as above.
d N-l — nano-lantern (Ca2+).
e Measurements in 150 mM KCl+ 1 mM Mg2+.
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slower than binding to Ca2+-sensitive dyes (see [22]). More detailed
analyses have shown that binding of Ca2+ to troponin occurs with a
kon of 108 M−1 s−1, and koff values of 500–800 s−1 for dissociation
from N-terminal lower-afﬁnity EF hands, while the koff for high-
afﬁnity C-terminal EF hands is of a magnitude about 1–2 orders
lower, corresponding to a slower off-reaction. For calmodulin,
much faster Ca2+-binding and unbinding from the EF hands was
observed.
The dissociation constant koff is more important for determining the
shape of the Ca2+ transient, while kon acts as a scaling factor for the in-
dicator response [63,64]. The apparent dissociation of Ca2+ in GECIs is
much slower than for synthetic dyes; for the latter, koff values of
100–370 s−1 are characteristic (τoffb10 ms [65,22], while for GECIs,
τoff values range from 142 ms (the fastest two-ﬂuorescent protein
TN-XXL [19]) to 300–1000 ms (koff~1–3 s−1) for single ﬂuorescent
GECIs (Table 1) and higher values for two-ﬂuorescent indicators
(koff~0.3 s−1; Table 2 and [20,22]). It seems plausible to associate the
fast off reaction of TN-XXL with the introduction of a second bending
site at the C-terminal part of each repeated Ca2+-binding motif
between the donor and acceptor ﬂuorescent proteins, while in conven-
tional calmodulin and troponin, there is only one bending site within
the indicator core, presumably located in the central part of the calmod-
ulin moiety. Moreover, it is interesting that the low-afﬁnity
Ca2+-sensitive ﬂuorescent protein CatchER, in which the bound
Ca2+ ion can directly affect chromophore ﬂuorescence, shows a
time-constant and off-rate very similar to those of Ca2+-sensitive
dyes; 70% of the ﬂuorescence changes occurs within 2.2 ms with a
koff of 700 s−1 [21].
The kinetic properties of an indicator should be considered when an
accurate representation of the Ca2+ transient is required, particularly in
rapid processes. This likely drives improvement of indicators aimed to
monitor neural activity. Various strategies can be employed to improve
the kinetic properties of GECIs, including 1) directly linking the chromo-
phore response to Ca2+ binding, thus eliminating the waiting time re-
quired for intramolecular conformational changes to occur, or 2) make
this conformational change Ca2+-sensitive at most of the steps to in-
crease the cooperativity and to reduce the time between Ca2+ binding
and the indicator response associated with such binding (i.e., start:
Ca2+ binding→bending of the indicator→binding of peptide→
approaching ﬂuorescent proteins or conformational change within
the protein→result: ﬂuorescent property change).4.5. Other biochemical and biophysical properties
Large intramolecular changes that induce changes in GECI optical
properties are reasonably well understood. However, clarifying the
details requires structural knowledge, as well as information regarding
the dynamics of this structure.
The 3D structure of several single-ﬂuorescent protein GECIs has
been resolved in several studies [18,30,66] to obtain improved GCaMP
variants by using a structure-guided design strategy [18]. Nevertheless,
no structures are available regarding FRET-based indicators and the
folding mechanisms of the ﬂuorescent moieties on which the sensors
are based remain unknown.
To identify the molecular-scale processes associated with Ca2+
reporting, various techniques can be used. An example of a very detailed
examination is that conducted for the TN-XXL sensor [67]. In this study,
Ca2+ binding to each of the EF handswas analyzed by using steady-state
and stopped ﬂow spectroscopy as well as by nuclear magnetic reso-
nance. For these experiments, only the troponin-derived Ca2+-binding
moietywas used. To determine the effect of the provoked conformation-
al change on donor and acceptor ﬂuorescence, either the donor or accep-
tor was replaced by a similar ﬂuorescent protein with an “Amber”-like
mutation, resulting in a non-ﬂuorescent moiety to allow the analysis of
the signal from an individual ﬂuorescent protein. An analysis of ﬂuores-
cence lifetime revealed the absence of a non-functional fraction of sen-
sors. However, more interestingly, hydrodynamic properties, studied by
using size-exclusion chromatography and analytical ultracentrifugation,
provided insight regarding the indicator shape change after Ca2+ binding,
while experiments involving small-angle X-ray scattering (SAXS) allowed
modeling of the shape of TN-XXL in the presence and absence of Ca2+.
Other properties of GECIs for determiningwhether a particular indi-
cator can be used under speciﬁc conditions include pH sensitivity and
temperature sensitivity. Cytosolic pH is typically strictly controlled,
but during processes such as programmed cell death, pH may be re-
duced. At the same time, some of the ﬂuorescent proteins within a spe-
ciﬁc indicator can be more sensitive to such environmental changes,
introducing artifacts for reported Ca2+ values. Thus, when designing a
new or choosing an existingGECI variant, the effect of themeasurement
conditions on the properties of the ﬂuorescent protein moiety or moie-
ties employed should ﬁrst be evaluated.
Preliminary evaluation is particularly important when a GECI is
used for monitoring Ca2+ dynamics within intracellular organelles,
which can be characterized on the basis of the levels of pH or Ca2+
that differ signiﬁcantly from those observed in the cytoplasm.
5. Conclusions
Currently, GECI properties are not comparable to those of Ca2+-
sensitive dyes. However, GECIs offer some advantages not achievable
with synthetic Ca2+ probes, including precise targeting, prolonged
imaging over days and months, and simultaneous multicolor Ca2+
imaging. GECIs are becoming a valuable tool for monitoring the activity
of in situ neurons [25], and are now also used for feedback of light-
evoked excitation using optogenetic tools [28,68].
Signals reported by GECIs will always be affected by both the
used indicator properties and the environment in which it is used.
Distinguishing signals requires an understanding not only of indicator
properties, but also of the environment in which Ca2+ imaging is
performed. In vivo evaluation maybe the most important test for
GECIs, but good performance in one cell type does not guarantee similar
behavior in other cell types. The extent to which a particular GECI can
fulﬁll the needs of an experimenter depends only on the goal of
the study. In Table 4, as a general reference source, we present common
applications for which GECIs are used, including Ca2+ monitoring and
measurement. However, GECI use is not restricted only to these tasks;
their use as Ca2+-buffering agents can allow determination of the role
of the Ca2+ signal in speciﬁc signal cascades.
Table 4
Selection of an appropriate GECI indicator for speciﬁc applications.
Refer to Tables 1–3 and the text for detailed properties of each indicator. Indicators in (parenthesis) can potentially be used in the speciﬁed conditions due to their properties, but
their performance in those conditions was not evaluated. Deep-in-tissue Ca2+ monitoring requires two-photon excitation of ﬂuorescent Ca2+ indicators [75–87].
Monitoring Ca2+ with aequorin-based indicators requires an accurate selection of the appropriate aequorin mutant and light-emitting substrate (see in [46,47]).
a Can potentially be saturated at higher Ca2+ concentrations.
b D4 (D4cpv with Citrine instead of circular permuted Venus as an acceptor ﬂuorescent protein [16]) performance will depend on the pH value in the monitored environment.
Lower pH values can drastically reduce the ﬂuorescence, impeding to perform the experiment. Indicators containing Citrine instead of cpVenus have a lower dynamic range.
c CatchER will not work in an acidic pH environment (e.g., plant apoplast) due to pH-sensitivity.
d High-afﬁnity GECIs tend to slow the reported kinetics of fast Ca2+ transients.
e Long-time experiments can result in incorrect estimations, due to changes in the indicator concentration (as a result of expression/degradation, or bleaching).
f Consumption of light-emitting substrate should be taken into account. Long-time experiments (over several minutes) can require constant substrate supply. The indicator
calibration inside organelles can be challenging.
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